Purpose: Vitrectomy markedly alters the intraocular milieu which can then affect the physiology of the retina and choroid. The alterations should also affect the ocular blood flow, but the results of studies on this have been contradictory. Thus, the purpose of this study was to determine whether vitrectomy alters the ocular blood flow as determined by laser speckle flowgraphy (LSFG).
Introduction
Vitrectomy replaces the vitreous with saline or aqueous humor of low viscosity, and the partial pressure of oxygen in the vitrectomized eye rises because of an increase in convection and higher solubility of oxygen in the replacement fluids. 1 The ocular blood flow is known to play a role in increasing the oxygen pressure in the vitreous, however the effects of vitrectomy on the ocular blood flow is still contradictory.
The ocular blood flow can be determined by scanning laser ophthalmoscopy, laser speckle flowgraphy (LSFG), Heidelberg retinal flowmetry, and calor Doppler imaging.
Previously, the effects of the vitrectomy on the ocular blood flow were investigated only in eyes with diabetic retinopathy and diabetic macular edema but the results are contradictory probably because the measuring methods, instruments, regions measured, and disease processes were different. 2 -6 LSFG can determine the blood flow velocity in ocular tissues including the retinal and choroidal vessels without the administration of contrast agents. 7 In addition, LSFG can be performed in the same areas automatically once the topographic features of the retinal vasculature are memorized by the software of the instrument.
The reproducibility of blood flow velocity measurements in ocular tissues by the LSFG method is high, and the measurement time is shorter than that of laser Doppler velocimetry. 8 • 9 The LSFG method is therefore suitable for monitoring changes in 5 ocular tissue circulation at the same site during the course of a disease process. 10 To the best of our knowledge, data have not been reported on the effects of vitrectomy on the ocular blood flow in eyes with a macular hole (MH) or an epiretinal membrane (ERM). In addition, there have been no reports on the investigation of the alterations of ocular blood flow during the vitrectomy in human eyes.
The purpose of this study was to determine the effect of vitrectomy on the ocular blood flow in patients with macular hole (MH) and epiretinal membrane (ERM). We measured the ocular blood flow of the optic nerve head, retinal vessels, and choroid before, during, and after vitrectomy by LSFG.
Materials and Methods

Participants
This study was conducted at the Nara Medical University from April2011 through December 2011. Twenty subjects agreed to undergo the measurements and to have their medical records reviewed. The protocol of this study conformed to the tenets of the Declaration of Helsinki and was approved by the Internal Review Board of the Nara Medical University. The nature of the study was explained to all of the patients, and a signed informed consent was obtained.
There were 8 eyes with a MH and 12 eyes with an ERM, and there were 8 men 6 and 12 women whose mean ± standard deviation of age was 64.4 ± 8. 7 years. The exclusion criteria included preoperative lOP above 22 mm Hg or patients who had been diagnosed with glaucoma, history of vitreous surgery, and age under 18 years.
Surgical methods
One experienced vitreoretinal surgeon operated on all of the eyes with a 23-gauge vitrectomy system. Briefly, local anesthesia was induced by a subtenon injection of a mixture of 4% lidocaine and bupivacaine, and pars plana vitrectomy was performed using a 23-gauge vitrectomy system with vented gas forced infusion (Accurus Vitrectomy System; Alcon Labs, Fort Worth, TX, USA) under a wide-angle viewing system (Resight®,Carl Zeiss, Oberkochen, Germany). When there was a clinically significant lens opacity, the crystalline lens was removed by phacoemulsification and an intraocular lens was implanted before the vitrectomy.
Measurement of blood flow by laser speckle flowgraphy (LSFG)
A LSFG instrument (Softcare, Fukuoka, Japan) was used to measure the blood flow of the optic nerve head, retinal vessels, and choroid based on the laser speckle phenomenon. 10 This instrument consisted of a fundus camera equipped with a halogen lamp and a diode laser. The images obtained with the halogen lamp were 7 used to identify the area to be examined. The laser light (f.= 830 nm, maximum output power, 1.2 mW) was switched on at the time of the measurements. The measured fundus area was approximately 3.8 x 3 mm (width x height) with an estimated tissue penetration of 0.5 to 1 mm in human eyes. 9 The scattered laser light from the illuminated target area was photographed with a CCD camera with 700
x 480 pixel resolution. The light intensity of each pixel was converted into an electrical signal. Each imaging session lasted 4 seconds, and 120 frames (30/sec) were collected by a frame grabber and transferred to a computer file. 11 The offline analysis software (LSFG Analyzer) combined all images over the 4 seconds into a calor-coded maps with each pixel being assigned a computed mean blur rate (MBR) which is a quantitative index of the relative blood flow velocity. 10 The MBR is the squared ratio of the mean intensity to the standard deviation of light intensity, which varies temporally and spatially according to the velocity of blood cells movement. 10 In the calor-coded maps, a red calor indicates high blood flow and blue calor indicates low blood flow. 10 We performed LSFG to quantitatively investigate the blood flow velocity (MBR) of the optic nerve head, retinal vessels, and choroid as reported. 12 -14 Briefly, the optic disc in the calor-coded map was segmented ( Figure 1A) , and separated into the optic nerve head area and the retinal vessel area (Figure 1 B) . Then the MBR of optic The MBR was determined just before vitrectomy, during the vitrectomy, and 2 weeks and 1 month after the vitrectomy. During the vitrectomy, the infusion pressure of the vented gas forced infusion setting was set at 8, 20, and 40 mmHg, and MBR was determined at each infusion pressure by LSFG.
To evaluate changes in MBR, the changing rates of MBR against the baseline values (expressed as 100% of baseline) were used, because the MBR is a quantitative index of the 'relative' blood flow velocity.
lntraocular pressure and visual acuity
The intraocular pressure (lOP) was measured with a Goldmann applanation tonometer before and 2 weeks and 1 month after the vitrectomy and with a Tone-Pen® XL applanation tonometer (Reichert Inc., Depew, New York, USA) during the vitrectomy.
The best-corrected visual acuity (BCVA) was measured at the same times as the lOP measurements before and after the vitrectomy by examiners who were masked 9 to the information obtained during the previous measurements. A Snellen chart was used to measure the BCVA, and the decimal acuity was converted to the logarithm of minimal angle of resolution (log MAR) for the statistical analyses.
Systemic hemodynamics
The systolic blood pressure (SBP) and diastolic blood pressure (DBP) were 
Statistical analyses
Comparisons across the groups were done by one-way analysis of variance (ANOVA), and the Tukey-Kramer post hoc test was used when a significant difference was detected. The data are presented as the means± standard deviations (SDs). A P value <0.05 was accepted as significant.
Results
Four patients had systemic hypertension and 4 patients had hyperlipidemia. Pars plana vitrectomy was performed on 15 eyes combined with phacoemulsification and intraocular lens implantation (combined IOL), while pars plana vitrectomy alone was performed on 5 eyes (vitrectomy alone).
The relative MBRs of the optic nerve head, retinal vessels, and choroid decreased 2 weeks to 92.7%, 94.3%, and 94.9%, respectively, P > 0.05, single factor ANOVA, Figure 2 ). At 1 month, the MBR of the optic nerve head, retinal vessels, and choroid decreased to 91.9%, 94.0%, and 93.6%, respectively (P > 0.05, single factor ANOVA, Figure 2 ) after surgery compared to that of before the vitrectomy. None of the decreases in the different regions was significant. In addition, we also compared the blood flow in eyes that underwent vitrectomy alone to those underwent vitrecromy combined with phacoemulsification and intraocular lens implantation. There were no significant differences in the two groups in the relative MBRs of the optic nerve head, retinal vessels, and choroid at 2 weeks and 1 month after surgery compared to that of before the vitrectomy (P >0.05, single factor AN OVA, Table 1 ).
The differences in the visual acuity, lOP (mmHg), basal pulse rate (bpm), OPP (mmHg), and MAP (mmHg) before and after 2 weeks and 1 month were not significant (P > 0.05, single factor ANOVA, Table 2 ).
During the vitrectomy, the lOP was significantly increased with increasing infusion pressure controlled by vented gas forced infusion system from 8 mmHg (IOP=15.1 ± 1.7 mmHg) to 20 mmHg (IOP=26.6 ± 3.3 mmHg, P = 0.001), and to 40 mmHg (lOP= 55.1 ± 4.4 mmHg, P = 0.001 , Table 3 ). As a result, the OPP decreased significantly with increasing infusion pressure from 8 mmHg (OPP = 64.9 ± 9.8 mmHg) to 20 mmHg (OPP = 53.4 ± 10.1 mmHg, P = 0.001 ), and to 40 mmHg (OPP = 24.9 ± 8.5 mmHg, P = 0.001, Table 3 ).
During vitrectomy, the relative MBRs of the optic nerve head, retinal vessels, and choroid decreased as the infusion pressure increased. An increase in the infusion pressure from 20 mmHg to 40 mmHg led to a significant decrease in the relative MBRs of the optic nerve head by 33.1% (P = 0.02) and retinal vessels by 37.8% (P = 0.02). There was also a decrease in relative MBRs of the optic nerve head (9.6% decrease) and retinal vessels (9.8% decrease) after increasing the infusion pressure from 8 mmHg to 20 mmHg but the differences were not significant (Figure 3) . During the vitrectomy, the mean blood pressure and pulse rate were not significantly different (single factor ANOVA, P > 0.05, data not shown).
Discussion
Earlier studies showed that the vitrectomy resulted in an increase of retinal oxygenation concentrations, 15 and an increase of retinal oxygenation concentrations leads to arterial vasoconstriction by autoregulation of the retinal blood flow. 16 Human eyes have an autoregulatory mechanism for retinal blood flow. Thus, we assumed that the increased retinal oxygen levels after vitrectomy may cause vasoconstriction by autoregulation which would then decrease the retinal blood flow.
However, our LSFG results showed a slight decrease in blood flow two weeks and one month after the vitrectomy but the decrease was not significant compared to that before the vitrectomy. We did not measure the oxygen tension in our eyes and do not know if the increase was high enough to affect the retinal arteries. The other reason for this lack of change may be because eyes with an MH or an ERM may not have high concentrations of vasoactive factors in the vitreous. 17 Thus, the removal of the vitreous in patients with a MH or an ERM might not significantly alter the arterial vasoconstriction of the retinal vessels compared to that of observed in eyes with diabetic retinopathy, 2 -6 then the degree of a decrease of blood flow was small.
The effect of the lOP and ocular blood flow during the vitrectomy in human eyes 13 have not been well examined. Recently, microincision vitrectomy system has become more common, and it is known that the removal of the vitreous by microincision vitrectomy system requires higher infusion pressures and suction forces compared to that of conventional 20-gauge system. We found that an increase in the infusion pressure from 8 mmHg to 20 mmHg and to 40 mmHg increased the lOP significantly. This would then mean that there was a significant decrease in the OPP which should then result in a decrease in the blood flow of the optic nerve head and retinal vessels. However, we found that the decrease was not significant when the infusion pressure was increased from 8 mmHg to 20 mmHg, but it was when the infusion pressure was 40 mmHg. The reason why the decrease between 8 mmHg to 20 mmHg was not significant may be because of autoregulation of the blood flow known to be present in the optic disc and retina of normal humans eyes. 18 -27 The significant decrease at 40 mmHg infusion pressure may be due to a breakdown of autoregulation. 23 -31 The blood flow of the choroid was also significantly reduced with increasing infusion pressure from 8 mmHg to 20 mmHg and to 40mmHg. The choroid does not have autoregulation of blood flow 32 -36 as do the optic nerve head and retinal vessels. Therefore, the blood flow of the choroid would be easily affected by alterations of the infusion pressure.
14 An increase in the lOP from 10 to 30 mm Hg in monkey eyes caused a significant decrease in the blood flow of the optic nerve head with lower systemic blood pressure. 12 The investigators suggested that stable systemic blood pressures and the lOP were important for maintaining normal blood flow of the optic nerve head, and thus also were important to prevent the progression of glaucoma.
Our results indicated that the higher infusion pressures required for microincision vitrectomy system altered the blood flow in the optic nerve head, retinal vessels, and choroid. Considering the results of a previous report, 12 these alterations of blood flow during the vitrectomy might be the cause of visual complications after vitrectomy.
Thus, under the abnormal conditions in which autoregulation of the blood flow is lost, such as the eyes with diabetic retinopathy or glaucoma, 37 · 38 it is important to pay more attention to the increase of the infusion pressure during microincision vitrectomy system. This is the first study that determined the ocular blood flow before, during, and after vitrectomy, and during vitrectomy by LSFG. A PubMed search with key words, 'laser speckle flowgraphy' and 'vitrectomy' did not extract any publications. Our results suggest that the vitrectomy can affect the ocular blood flow but only a limited retinal diseases were investigated. Thus, further investigations with longer follow-up periods, and a larger number of patients with different types of retinochoroidal diseases are necessary.
In conclusion, the ocular blood flow did not change significantly before and after vitrectomy. However, a significant reduction of the blood flow of the optic nerve head, the retinal vessels, and the choroid was observed during the vitrectomy with high infusion pressures. More careful attention should be paid on the infusion pressures during the vitrectomy. Table 3 . Alterations of the intraocular pressure and ocular perfusion pressure according to the increase of infusion pressure by vented gas forced infusion system during the vitrectomy. Table 3 . Alternation of intraocular pressure and ocular perfusion pressure according to the increase of infusion pressure by vented gas forced infusion system during the vitrectomy. 
